show that a stable elementary particle which was once in thermal equilibrium cannot have a mass greater than 340 TeV. An extended object which was once in thermal equilibrium cannot have a radius less than 7.5 x 10 -7 fro. A lower limit to the relic abundance of such particles is also found. with radii less than 7.5 x 10 -7 fm are also very likely excluded.
As an application of these limits, we note that the claim of Enqvist, e_ al., 2 that there is no upper limit from cosmology on the mass of a stable Dirac neutrino cannot be true. While the mass upper limit we find is not rigorous and rather high, we still feel it may" be of some interest because of its general nature.
The relic abundance of a particle speciesl X, which was once in thermal equi- Consider the process a + b ---, c + d and the scattering matrix
where where Pk is the center of mass three-momentum Tez,.r = ( &t,j-1)/(2ip) and Tf#i,j = Sf#i,:/(2i pv/N-p7), and the standard formula for the unpoiarized cross section in terms of partial waves a = _ a j, where
we find the result of Pilkutm 6
Here tYr, J is the "reaction" cross section, that is, the total cross section minus the elastic piece.
It has a maximum when r]j -0, so we conclude that
In the early Universe,
In order to apply the limits of eq. (10) to the annihilation in the early Uni- If the J = 1 bound is satisfied for a larger value of 2 instance V2el/4 _ 1/2, then the J = 1 partial wave is below the bound by a factor of 8 -3/2 _ .04 by freeze-out. We conclude that it is more than adequate to use only the J = 0 partial wave in finding a bound. Now we use eqs. (1), (2) , and (10) to bound _xh 2 and rex. Including only the n = 0 part of the cross section and replacing VreI = X/_, we fund that _xh 2 >_ 1.7 x lO-6vf_(mx/TeV)2 (12) for a Majorana fermion with g = 2. For a Dirac fermion, £txh 2 is a factor of two larger. Now using gtx h2 > 1, we find the mass limit
and xy _ 28. Eq. (13) was found for a Majorana fermion.
The limit for a scalar particle is similar, while for a Dirac fermion is about a factor of x/_ smaller, that is, mx < 240 TeV. This is the main result of this Letter.
Another, more conservative, way of finding the mass bound is to assume that the cross section, eq. (10), holds throughout the period of annihilation and freeze-out. In this case, the Vrel1 factor affects the thermal averaging and the integration from freeze-out to today.
section becomes
The thermally averaged maximum cross
and the relic abundance is given by eq. (1), with n = -1/2, 6.0 x 10 -7 112, ,,,,.
The freeze-out temperature is the same as before with (aVrel)' multiplied by a factor of (6/r) 1/2. (We set n = -1/2 in eq. (2), both now and before, since the x)/2 here is just an algebraic factor.) Using these formulas, the mass limit becomes m X < 550 TeV. This is probably an overly conservative bound since one does not expect aVrel OC Vre_ for annihilation channels in a nonrelativistic expansion. factor of (s -m2) -1, with mi = 2rex will give an additional factor of v_e_, in which case partial waves up to J = 2 need to be included in our maximum cross section, and the mass limit weakens. However, we feel that such a pole is unlikely.
It requires not only an exchange particle of precisely twice the mass of the X, but also that the exchange particle be nearly stable.
The width of the exchange particle will dominate the pole unless it is very small, and since the exchanged particle is more massive than the X, and has decay channels into lighter particles, we consider this possibility remote.
We note that the mass limit, eq. (13), involves a mass somewhat higher than Furthermore, we note that there is no major discontinuity in the overlap region,
RX " 1 reX, since the mass limit for point-like particles, eq. (13), is very nearly that which we would have obtained from the radius limit, eq. (18), had we used the Compton wavelength of the particle for Rx.
Of course, if some process such as a quark-hadron or electroweak phase transition, out-of-equilibrium decay of a massive particle, or inflation produces a significant amount of entropy after freeze-out, the relic abundance is diluted and our limits are weakened accordingly. Nevertheless, although our derivation is not rigorous, and exceptions may exist, we believe that the limit on mass, eq. (13), radius, eq. (18), and relic abundance, eq. (12) is of great interest and applies to many (if not most) dark matter candidates.
We 
